The first derivative of the methylium cation with the triple-decker substituent, + . The X-ray crystal structure of 2PF 6 reveals that the methylium carbon is bound to the ruthenium with Ru-C bond length 2.259 Å and corresponds to the description of its structure as η 6 -fulvene-ruthenium.
Introduction
The methylium cation [CH 3 ] + is very unstable and was detected only in the gas phase. [1] It is well established that certain substituents can effectively stabilize this cation. For instance, 13 C and 19 F) as a stable species on dissolving tert-butyl fluoride in SbF 5 /SO 2 system at room temperature. [2] An even greater stabilizing effect is shown by groups capable for π-conjugation (e.g., CH=CH 2 , Ph, NR 2 ). [3] In particular, the salts of the trityl cation [CPh 3 ] + are stable enough to be stored in inert atmosphere for a long time.
The carbenium ions can be also stabilized due to coordination with transition metals. [5] as well as the di-and polynuclear complexes [Co 2 (CO) 6 (HC≡CCH 2 )] + , [6] [Mo 2 Cp 2 (CO) 4 (HC≡CCH 2 )] + [7] or [Co 3 (CO) 9 (µ 3 -CCH 2 )] + .
[8]
The most well-known are -metallocenylmethylium ions, e.g. [CpFe(C 5 H 4 CH 2 )] + . [9] Synthesis, reactivity, stereochemistry, structures, and bonding features of such complexes have been extensively studied. [10] Ruthenocenyl and osmocenyl analogs have been also prepared. For instance, Barlow et al. described the parent ruthenocenylmethylium cation [CpRuC 5 H 4 CH 2 ] + , its reactivity, redox properties and X-ray structure. [11] The mechanism of stabilization of the carbenium center in such complexes was extensively discussed. According to extended Hückel [12] and DFT calculations, [11] the stabilization occurs due to predominant contribution of the structure with η 6 -coordinated fulvene ligand (Chart 1).
Chart 1
Since 1980, Siebert et al. described a number of µ-diborolyl triple-decker complexes. [13] Using electrophilic stacking reactions of the sandwich anion [CpCo(C 3 B 2 Me 5 )] -with half-
Synthesis and Reactivity
Recently, we have synthesized the µ-diborolyl triple-decker complex [17] by reaction of decamethylruthenocene with [CPh 3 ] + . It should be noted however that the analogous reaction of 1,1′-dimethylruthenocene failed to give the (1′-methylruthenocenyl)methylium cation, [11] suggesting its lower stability.
Chart 2
The 1 H and 13 C NMR signals of the CH 2 group in 2 are observed at 4.55 and 76.2 ppm, respectively, which is characteristic for sp 2 -carbon. For the related cation 3 values 4.75 and 77.7 ppm were observed.
[16b]
Scheme 2. Reactivity of the cation 2 with nucleophiles.
Similar reaction with the aliphatic amine NEt 3 primarily gives the ammonium salt 6 (identified by 1 H NMR spectra). This salt slowly reacts with traces of water giving ether 7
bearing two triple-decker moieties (Scheme 3).
Scheme 3.
Reactivity of the cation 2 with nucleophiles.
Interestingly, the reactions of 2 with aromatic amines occur in a different way. For instance, the reaction with N,N-diethylaniline (1 eq, Scheme 4) leads to the cationic complex 8 as a result of electrophilic substitution in para-position of the phenyl group. Similar reaction with an excess of p-toluidine proceeds in ortho-position (since the para-position is occupied)
giving the neutral complex 9; the reaction is accompanied by deprotonation.
We found that the nonamethylruthenocenylmethylium cation 3 also gives the products of the electrophilic substitution with aromatic amines. [18] According to 1 H NMR, in the reaction of cations 2 and 3 with PhNEt 2 the full conversion into products was achieved after 8 and 24 h, respectively. One may conclude that slower consumption of the triple-decker cation 2 indicates the higher stabilization of the carbenium-center compared to metallocene analog 3.
between the C 5 (Ru) ring centroid and the C-CH 2 (C14-C19) bond (40.1°) is greater than the corresponding angle in 3 (39.4°). The Ru-CH 2 distance in 2 (2.259(6) Å) is slightly shorter than that in 3 (2.270(3) Å) suggesting stronger bonding.
The C-CH 2 bond (1.394(8) Å) is much shorter than C-CH 3 bonds for C 5 (Ru) ring (1.489-1.515, av 1.503(8) Å) suggesting its double-bond character. The C15-C16 and C17-C18 bonds (av 1.398(9) Å) are considerably shorter than C14-C15, C14-C18 (av 1.460(9) Å) and C16-C17 (1.425(9) Å) indicating bond alternation. In overall, the structural data suggest fulvene-type bonding of the C 5 Me 4 CH 2 ligand. The structure of alcohol 4 is shown on Figure 2 . In contrast to 2 the CH 2 group in 4 does not interact with the Ru center. Cross-orientation of all five-membered rings in 4 is perfectly 10 .1002/chem.201702571 Chemistry -A European Journal eclipsed. The planes of all ring ligands are almost parallel, the dihedral angles Cp/C 3 B 2 and C 3 B 2 /C 5 (Ru) being 1.6° and 1.7°, respectively. The atom C19 is bent slightly away from the С 5 plane, elongating distance Ru···C19 to 3.277(6) Å. There is no С-С noticeable bond alternation within C 5 Me 4 CH 2 OH ligand. The metal-to-ring distances Co···Cp (1.658 Å), Co···C 3 B 2 (1.581 Å), Ru···C 3 B 2 (1.793 Å), and Ru···C 5 (1.789 Å) are similar to those in 1 (1.654, 1.590, 1.776, and 1.788 Å, respectively). [14] The molecules 4 in the crystal are arranged along 4 1 Hydrogen atoms are omitted for clarity. Symmetry code A: 2-x, -y, 2-z. [20] It has been previously shown [11] together with those of dimer [10] 0 and the triple-decker complex [1] 0 , reported for comparison.
Electrochemistry and Spectroelectrochemistry
The cyclic voltammetric profiles of [2] + and [3] + are compared in Figure 7a ,b. Here, we put in evidence that in both cases the first anodic scan is flat, indicating that the oxidation of these compounds, if any, is not achievable in the experimental window. On the other side, both compounds undergo an irreversible reduction process (at -1.00 and -1.45 V for [2] + and [3] + , respectively), after which a new anodic process appears on the backward scan. The same cyclic voltammetric profile has been obtained both at low (about -20 °C) and room temperature. This behaviour is confirmed by the bulk electrolysis experiments: in fact, the addition of one electron per molecule makes the original compounds to disappear from the solution, while new species are formed, which can be oxidised in a closely-spaced group of anodic processes. In truth, the reduction of [3] + probably generates a mixture of compounds, since more than two, almost overlapping, oxidation processes are visible in the anodic scan of the resulting solution ( Figure   S1 in the Supporting Information). On the contrary, the reduction of the triple-decker cation [2] + clearly produces dimer [10] 0 , as demonstrated by the appearance of two well-shaped successive oxidations at the same potential values as observed in the cyclic voltammetry of a pristine sample of [10] 0 (Figure 7c ).
The UV-vis spectroelectrochemical experiment (Figure 8 ) reveals how the step-by-step reduction of a solution of [2] + induces subtle but significant changes of the spectrum: the intensity of the high energy set of bands slightly decreases, while, more meaningfully, the broad and weak lower energy band is red-shifted from 560 to 577 nm. This value perfectly matches that of a pure sample of [10] 0 . As a net difference (Figure 8 , bottom) the spectral component centred at ~510 nm diminishes, while that centred at ~630 nm grows and the originally orange solution of [2] + turns green, which is the colour of the solution of [10] 0 . Moreover, the spectroelectrochemical experiment further confirms the clean and very fast dimerisation of radical [2] 0 to [10] 0 , since four isosbestic points are persistently visible during the redox-induced spectral changes.
A final comment about the presence of two separate oxidation steps observed in the cyclic voltammetry of [10] 0 is also necessary. In fact, the 'monomeric' triple-decker complex [1] 0 only exhibits a single oxidation process at +0.25 V and one would not expect the -CH 2 CH 2 -linker to be able to allow the electronic communications of the two halves in [10] 0 , which would be at the origin of two separate oxidations as a result of a mixed valence class II regime. Thus,
we have also performed the spectroelectrochemistry of [10] 0 on oxidation, to counter-check for the presence of an intervalence charge transfer (IT) band in [10] + , eventually confirming the class II of [10] 0 . Anyway, as the spectrum of [10] 0 is almost overlapping that of [1] 0 , the spectrum of [10] + (and that of [10] 2+ ) also more or less overlaps that of [1] + , so indicating that appears. The nature of this low energy band in [1] + has been clarified in a previous work 14 and its IT origin has been excluded. On the other side, the absence of additional NIR bands in [10] + , together with the fact that all the bands monotonically change on passing from [10] 0 to [10] + and then to [10] 2+ , allow to safely state that in the dimer [10] 0 there is no any electronic communication between the two halves. Thus, we can only ascribe the splitting of the twoelectrons removal in two separate oxidation processes to electrostatic effects. (3' ), which structures were optimized using all-electron scalar-relativistic calculations at PBE/L2 level ( Figure 9 ). 21 Table 2 summarizes Ru-
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C and C-C distances and Mayer bond orders (MBO) in the Ru(C 5 H 4 CH 2 ) moiety of these cations. For cation 2' the Ru-CH 2 distance is shorter and MBO is higher than in 3', suggesting stronger interaction of the metal atom with carbenium center, in accordance with X-ray structures for the methylated derivatives 2 and 3 (calculated distances: 2.254 and 2.266 Å, respectively; experimentally observed: 2.259 and 2.270 Å, respectively). Interestingly, for both parent cations MBOs of the Ru-CH 2 bond are substantially higher compared to other Ru-C bonds (inspite of the fact that the respective distance is the longest in the Ru(C 5 H 4 CH 2 ) moiety).
2'
3' Figure 9 . Optimized structures of the parent cations 2' and 3' at PBE/L2 level. All hydrogen atoms except for CH 2 are omitted for clarity. Table 2 . Selected Ru-C and C-C distances (Å) [a] and Mayer bond orders (in parentheses) [b] for the parent cations 2' and 3'. The C ipso -CH 2 bond in 2' and 3' is shorter than other C-C bonds in the C 5 H 4 CH 2 moiety.
The MBO values for this bond (1.2) suggest its partial double-bond character. Respectively, the bond alternation in the C 5 ring is observed. In particular, the C α -C β bond is the shortest (bond order 1.2) whereas the C ipso -C α is the longest (1.0); the C β -C β bond holds an intermediate position (1.1). In both complexes the C CH2 atom is only slightly deviated (by 0.128 and 0.129 Å, respectively) from the C ipso /H1/H2 plane, indicating a classical π bonding with the metal.
The partial double-bond character of C ipso -CH 2 , C α -C β , and C β -C β bonds is also (Table 3) . As seen, the stabilizing effect of the unsubstituted ruthenocenyl substituent is greater than those of Ph and NR 2 (R = H, Me) groups. However, this effect is smaller than that of three Ph groups, explaining failure of the preparation of the parent cation 3' by reaction of methylruthenocene with trityl cation.
[11]
10 bonding in cations 2 and 2' compared to 3 and 3' (vide supra). In full accordance with these data, the CH 2 carbon atom has the greatest negative electrostatic potential E C among the studied substituents (last column in Table 3 ). confirm that the carbenium carbon atom is coordinated to the ruthenium atom and the structure is best described as bearing η 6 -fulvene-ruthenium moiety which was also confirmed by DFT 
Experimental Section
All the reactions were carried out under an argon atmosphere, using anhydrous solvents prepared according to standard procedures. The products were isolated in air. Complex 1 was synthesized according to previously described procedure. [ In a similar experiment, an NMR tube was charged with complex 2PF 6 (6.4 mg, 0.01 mmol), a X-Ray Crystallography. X-ray diffraction experiments were carried out with a Bruker SMART APEX2 CCD area detector, using graphite monochromated Mo K radiation ( = 0.71073 Å,) at 100 K. [22] The structures were solved by direct method and refined by the full-matrix leastsquares technique against F 2 in anisotropic approximation for non-hydrogen atoms. All hydrogen atoms were refined in isotropic approximation in riding model. The absorption correction was applied semi-empirically using SADABS program. All calculations were performed using SHELXTL 5.1. [23] Crystals of 2PF 6 were grown up by slow diffusion in the two-layer system Et 2 O/CH 2 Cl 2 .
Crystallographic data for an H-shaped cell with anodic and cathodic compartments separated by a sintered-glass disk. The working macroelectrode was a platinum gauze; a mercury pool was used as the counter electrode. The UV-vis spectroelectrochemical measurements were carried out using a PerkinElmer Lambda 900 UVvis spectrophotometer and an OTTLE (optically transparent thin-layer electrode) cell [24] equipped with a Pt-minigrid working electrode ( higher (on reduction) or lower (on oxidation) than the peak potential of the process under study and spectra were progressively collected by increasing or decreasing the potential by step of 50 mV (2 min electrolysis).
Computational Details:
Geometry optimizations were performed without constraints using PBE exchangecorrelation functional, [25] , [26] the scalar-relativistic Hamiltonian, [27] atomic basis sets of generallycontracted Gaussian functions, [28] and a density-fitting technique [29] as implemented in a recent version of Priroda code. [30] The all-electron triple-ζ basis set L2 (close to cc-pVTZ) [31] augmented by two polarization functions was used. [32] Frequency calculations were performed at the same level of theory.
Mayer bond orders [33] were calculated using BP86 functional and triple-ζ basis set augmented by two polarization functions def2-TZVPP [34] with the help of the Gaussian 09 [35] and Chemissian [36] programs. The ChemCraft software [37] was used for molecular modeling and visualization.
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